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  The sound pressure level of wheel squeal has been shown to increase with the angle of attack and rolling speed in both field and laboratory
tests, but the causes behind the manner of increase are still unknown. To investigate this, a model in the time domain was extended by utilising
nonlinear rolling contact theory developed specially for wheel squeal. This model is used to simulate the vibration velocity of a testrig wheel at
different rolling speed and angle of attack. The results correlate well with the recorded sound pressure level of wheel squeal in laboratory tests.
It was found that due to the interaction of wheel vibration with lateral force and lateral creepage the vibration velocity amplitude of the wheel
increases with angle of attack and rolling speed increases. This explains why the sound pressure level of wheel squeal also increases in the
same manner. The phenomenon is explained theoretically using the mechanics based model.
Published by the Acoustical Society of America through the American Institute of Physics
X. Liu and P. Meehan
©  2013 Acoustical Society of America [DOI: 10.1121/1.4793582]
Received 7 Jan 2013; published 26 Feb 2013
Proceedings of Meetings on Acoustics, Vol. 19, 065050 (2013)                                                                                                                                    Page 1
 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  130.102.42.98 On: Wed, 18 Nov 2015 23:51:45
INTRODUCTION 
Wheel squeal is a tonal noise generated when a train negotiates a curve, whose SPL (sound pressure level) is 
normally 30 dB above rolling noise. Some field tests were conducted, and it was found that the SPL of squeal 
increases with the curvature of the rail and the rolling speed of the wheel.1 Recently, similar effect on curve squeal 
was also observed in the field testing in Australia.2 A laboratory test found that the SPL of wheel squeal increases 
with rolling speed and angle of attack. In particular, when the absolute value of the angle of attack exceeds a certain 
value, wheels start to squeal, and the SPL of squeal increases with the angle of attack till the wheel flange contacted 
the rail.3 Furthermore, a linear proportional effect of angle of attack and rolling speed on wheel squeal is assumed to 
estimate the SPL of wheel squeal.4 Up to now, however, no detailed explanation of the effect of rolling speed and 
angle of attack on SPL of wheel squeal has been presented.  
To investigate the causes behind this phenomenon, the interaction between contact mechanics and wheel 
vibration should be considered. In this paper, the contact mechanics submodel is based on the models of contact 
forces in the lateral direction,1,5,6 while the vibration submodel is from a modal vibration model of the wheel.7 The 
lateral force and the normal force in rolling contact can be measured simultaneously with a unique method 
developed on a rolling contact twin disk testrig, so as to determine the lateral adhesion ratio reliably. As a result, 
friction creep curves were determined with the measurements of lateral adhesion ratio and angles of attack at various 
rolling speeds.  
A rolling contact twin disk testrig was used to investigate the phenomenon of wheel squeal. The vibration 
characteristics of both wheels were investigated with FEM and modal tests. It was found that the dominant mode is 
an out-of-plane vibration characterised by three nodal diameters and no nodal circle. Modal parameters of the 
dominant mode were curve fitted and taken as the inputs of the model, used to simulate the vibration velocity of the 
wheel at various rolling speeds and angles of attack. It was found that the vibration velocity of the wheel increases 
with the rolling speed and angle of attack, i.e. the lateral sliding velocity. The mechanism showing the reason that 
the SPL of wheel squeal increases with the rolling speed and angle of attack is illustrated in this paper. 
THEORETICAL MODELLING  
The model includes two submodels, one describing the contact mechanics in rolling contact, and the other 
describing the vibration of the wheel.  
The submodel of contact mechanics is based on the models developed previously,1,5,6,8 which integrates the effect 
of angle of attack, rolling speed, material and geometric characteristics. The creepage-dependent friction coefficient 
of the rolling contact () can be expressed as 
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where G=E/2(1+), and the elastic modulus E is 175 GPa for the wheel,  is 0.28 for Poisson's ratio,  is the 
stationary friction coefficient, V0 is the rolling velocity, and  is the lateral creepage. The s’ is a critical parameter 
expressed as  
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where, C22 is a constant tabulated by Kalker,9 the value for the testrig being 3.14, w, R are the shear strengths of the 
wheel and rail material (4E8~6E8 N/m2). For this model, an estimated value of 5E8 was set for both w and R.. 
The submodel of vibration describes the motion of a spring-mass-damper system,7 representing the dominant 
lateral vibration of the wheel during squeal, which can be expressed as, 
( ) ( ) ( ) ( )my t cy t ky t Q ζ+ + =   (3) 
where m is the modal mass, c is the damping coefficient, k is the modal stiffness.  is lateral creepage, ( )y t  is the 
vibration velocity and V0 is rolling velocity and Q is the lateral force at contact patch, 
( )Q Wμ ζ= (4) 
where, () can be acquired with the formula in equation (1), whereas W is the normal force of about 1000 N.  
At the contact patch, lateral creepage can be related to transverse vibration, using 
0( ) /y t Vζ θ= +  (5) 
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where  is the steady state angle of attack. Therefore, the vibration of the wheel can be simulated via feedback 
iteration between the contact force and transverse vibration. 
EXPERIMENTAL METHODS 
To investigate the phenomenon of squeal noise, a rolling contact twin disk testrig was retrofitted to measure the 
yaw angle (angle of attack) and contact forces in the rolling contact.10 The upper wheel and lower wheel of the 
testrig in Figure 1(a) are driven by a vector controlled constant speed motor and a constant torque motor, 
respectively. The yaw angle of the lower wheel with respect to the frame can be adjusted to simulate the 
misalignment between the rolling direction of the wheel and the tangential direction of the rail. Strain gauges were 
applied on the testrig, based on the Wheatstone full-bridge configuration, which provides maximum bending strain 
output ignoring axial strain and twisting of the leaf spring.10 It can also compensate the thermal effect on the 
resistance of sensing elements. The feasibility of this method has been investigated with FEM. The FEA model in 
Figure 1(b) shows the configuration of the testrig, where S1, S2, S3 and S4 show the position of the strain gauges, and 
the Q and W are the lateral force and the normal force in rolling contact.  
      
(a) Front view of the testrig                                              (b) FEA model of the testrig structure
FIGURE 1. Rolling contact twin disk testrig. (a) Front view of the testrig. (b) FEA model of the testrig structure            
A method was developed for the testrig to measure the angle of attack using a laser distance measurer, which 
emits a laser beam perpendicular to the wheel, projecting a point on a white board about 6 meters away from the 
wheel.11 Two points can be projected from the plane of the upper and lower wheel, respectively. With this method, 
the relative error can be limited to 1%. The lower wheel of the testrig has a radius of 0.213m, so when the wheel 
rotating at 800 RPM, the wheel has a linear speed of about 18 m/s. The sound generated by the testrig was recorded 
with a microphone 5cm away from the façade of the lower wheel and 80cm above the ground. A 1/2’’ free-field 
microphone was used, with an error tolerance of less than 0.15 dB around 1000 Hz. All other testrig parameters are 
described in a previous paper.10  
RESULTS 
The correlation between wheel squeal and wheel vibration is presented first, then the interaction between contact 
mechanics and wheel vibration is illustrated. Subsequently, the reasons why SPL of wheel squeal increases with 
rolling speed and angle of attack are revealed, respectively.  
 Correlation between Wheel Squeal and Wheel Vibration  
With a normal loading of about 1000 N, the yaw angle between the upper wheel and lower wheel was adjusted 
by moving the motor of the lower wheel about the vertical axis of two wheels. The contact forces were then 
measured with strain gauge bridges and the sound was recorded with a microphone simultaneously at various rolling 
speeds of the testrig. For the case of 800 RPM and 24 mrad, the sound spectrum is displayed in Figure 2.  
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With reference to mode shapes in Table 1, it can be noticed that all the prominent peaks of wheel squeal in 
Figure 2 have a mode shape of zero nodal circle and more than two nodal diameters, which maybe because these 
out-of-plane mode shapes are efficient sound radiators. In Figure 2, all resonant modes actually have double peaks 
due to the wheel rotation, and the corresponding values have been listed in Table 1.  
The mode around 1124 Hz in Table 1 is the dominant mode of the wheel squeal. In comparison with the 
dominant frequency of the wheel squeal, the analytical prediction has an appreciable difference in comparison with 
other results, because the analytical method12 can only calculate the natural frequency of a plate so the hub and rim 
of the wheel were neglected in the calculation. Natural frequencies acquired with FEM and modal testing are quite 
close and are correlated well with the dominant frequencies of wheel squeal. Actually, natural frequencies 
determined with FEM and modal tests are just between the corresponding frequencies of double peaks of the first 
mode as listed in Table 1. The correlation between wheel squeal and wheel vibration shows that the dominant peak 
in the sound spectrum of wheel squeal is due to the dominant mode of wheel vibration. Therefore, the next section 
illustrates how the wheel vibration interacts with the contact mechanics in rolling contact so as to cast a light on how 
the wheel squeal is generated, and how the angle of attack and rolling speed affect the SPL of wheel squeal.  
Interaction between Contact Mechanics and Wheel Vibration   
With the newly developed measurement methods for angle of attack and contact mechanics, the lateral force Q
and normal force W at various yaw angles were measured and the relationship between adhesion ratio and angle of 
attack was curve fitted as plotted with the solid line in Figure 3. If the parameters of the testrig are taken as inputs 
for the contact mechanics model, the friction curves can be simulated as presented with the dashed line in Figure 3. 
FIGURE 3. Simulated friction-creep curves and curve fitted adhesion-angle curve  
Comparing these two curves, one can notice that the slopes of both measured and simulated friction creep curves 
turn negative when the lateral creepage reaches the critical creepage about 0.01. For the dominant mode of 1100 Hz, 
one cycle can be completed in less than 0.006 s. The power input into the system by the lateral force is the product 
of lateral force and vibration velocity,  
( )P Qy t=  (6) 
For the case of 800 RPM and 24 mrad, the phase space for the vibration velocity and acceleration can be 
simulated as illustrated in Figure 4(a). Figure 4(a) shows the phase space of the vibration grows slowly to a stable 
amplitude as marked by the dashed line; the trajectory marked by dots is the instant when the vibration velocity 
amplitude is about 0.2 m/s and still growing. The corresponding vibration velocity variation in one cycle is 
illustrated in Figure 4(b). Figure 4(b) shows an approximate sinusoidal oscillation in lateral vibration velocity.  
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(a) Phase space for lateral vibration                                   (b) Variation of vibration velocity in one cycle
FIGURE 4. Simulated phase space for lateral vibration showing limit cycle behaviour (a) and vibration velocity in one cycle (b) 
According to the Equation (5), the lateral creepage of each of these two cases is illustrated in Figure 5(a). This 
shows the stable limit cycle (dashed line) is characterised by large lateral creepage oscillations occurring in both the 
positive (slip) and negative (full sliding) sloped regions of the creep curve. Correspondingly, the lateral force varies 
in a nonlinear manner in a cycle as illustrated in Figure 5(b). 
      
(a) Simulated friction-creepage curve                                   (b) Variation of lateral force in one cycle
FIGURE 5. Simulated friction-creepage curve (a) and variation of lateral force at 800 RPM and 24 mrad  
In the first half cycle, the lateral force is in the same direction with the vibration velocity, adding energy into the 
squeal vibration. In the second half cycle, the lateral force is in the opposite direction, taking energy from the 
system. The instantaneous power inputs from the lateral force in different cases are plotted in Figure 6. 
FIGURE 6. Power input from lateral force in one cycle for the case of at 800 RPM and 24 mrad 
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In Figure 6, when the vibration velocity amplitude is 0.2 m/s, the added power in the first half cycle is larger than 
the second half cycle. As a result, the lateral force oscillations keep adding energy into the system in each vibration 
cycle, until the vibration velocity reaches 0.4 m/s. At this point, the lateral creepage range increases to the range 
marked by dashed lines in Figure 5. Then the added energy in the first half cycle is balanced by the lost energy, as 
illustrated by the dashed line in Figure 6, due to the nonlinear characteristics of the contact mechanics.  
With the generation mechanism of wheel squeal introduced in this section, the reasons that the SPL of wheel 
squeal increases with rolling speed and angle of attack are investigated in next two sections, respectively.  
Effect of Rolling Speed on Wheel Squeal  
The rolling contact testrig was run at various rolling speeds and the sound was recorded, and it was found that 
the SPL of wheel squeal increases with the rolling speed.10 The results at the yaw angle of 24 mrad are plotted with 
circles in Figure 7. The model was applied to simulate the vibration of the wheel. The modal parameters of the 
dominant mode were curve fitted from the receptance spectrum of the modal test. Specifically, the modal mass is 3.1 
kg, the modal stiffness is 1.6E8 N/m and the modal damping is 42 Ns/m. With these inputs, the effect of rolling 
speed on wheel vibration was also simulated as marked by the solid line in Figure 7. The simulated result correlates 
reasonably well with experimental measurements, showing the trend that the vibration velocity amplitude also 
increases with the rolling speed. 
FIGURE 7. Simulated vibration velocity amplitude of the wheel and the SPL of wheel squeal at 24 mrad  
To explore the reasons that SPL of wheel squeal increases with the rolling speed, creepage range and power 
input in one cycle were investigated. According to Equation (5), for the same vibration velocity amplitude if the 
rolling speed V0 increases, the oscillation range of creepage decreases (i.e. 0( ) /y t VζΔ ∝  ).7 For the cases of 800 and 
600 RPM at 24 mrad, when the vibration velocity amplitude is 0.3 m/s, the creepage range is plotted in Figure 8(a).  
      
(a) Lateral creepage variation in one cycle                                      (b) Power input in one cycle 
FIGURE 8. Creepage range (a) and power input (b) in one cycle when the vibration velocity amplitude is 0.3 m/s at 24 mrad 
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Correspondingly, the energy input in the first half cycle at 600 RPM is less than that at 800 RPM, and the energy 
consumption is more than that at 800 RPM as plotted in Figure 8(b). Therefore, the vibration velocity amplitude at 
800 RPM increases to a value more than that at 600 RPM due to the surplus in energy input. In effect, as rolling 
speed increases, vibration velocity increases for the same creepage oscillation, causing larger radiated SPL.  
Effect of Angle of Attack on Wheel Squeal 
The angle of attack between two rolling wheels of the testrig was set at different values, and the testrig was run at 
the rolling speed of 800 RPM. The measured results are marked in Figure 9. As a comparison, the vibration velocity 
amplitude of the wheel at various yaw angles was also simulated as plotted with the solid line in Figure 9. The 
simulated results correlate reasonably well with the experimental results.  
FIGURE 9. Simulated vibration velocity of the wheel and the SPL of wheel squeal at 800 RPM and various angles of attack 
In Figure 9, when the angle of attack was less than the value of critical creepage, the effect of angle of attack on 
wheel squeal and vibration velocity amplitude was reasonably mild. When the angle of attack was beyond the value 
of critical creepage, however the effect of angle of attack became more evident. To investigate the reason that the 
vibration velocity amplitude and SPL of wheel squeal increase with angle of attack, creepage range and power input 
in one cycle were investigated. At the instant when the vibration velocity amplitude is 0.3 m/s, the creepage range at 
20 mrad and 24 mrad at 800 RPM is illustrated in Figure 10(a). The energy input from the lateral force in one cycle 
can be acquired with lateral force and vibration velocity as plotted in Figure 10(b). At this vibration amplitude, the 
energy input surplus in one cycle is larger for 24 mrad, resulting in a larger steady vibration velocity amplitude for 
24 mrad in comparison with 20 mrad.  
      
(a) Lateral creepage variation in one cycle                                          (b) Power input in one cycle 
FIGURE 10. Lateral creepage (a) and power input (b) in one cycle when the vibration velocity amplitude is 0.3 m/s at 800 RPM 
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In effect, a larger angle of attack enables a larger range of creepage oscillations before a stable nonlinear limit cycle 
is reached characterised by both positive (slip) and negative (full sliding) slope regions of the creep curve.  
CONCLUSIONS 
A model in the time domain was developed by integrating the contact mechanics with the vibration of the wheel 
to demonstrate how the nonlinear friction creep behaviour interacts with the wheel vibration. This model simulated 
the vibration velocity of the testrig wheel at different rolling speeds and angles of attack. The results were compared 
with corresponding experimental measurements. The results correlated reasonably well, both showing the trend that 
the velocity amplitude of wheel vibration and the SPL of wheel squeal increases with rolling speed and angle of 
attack. In particular, both experimental results and simulated results show that when the angle of attack is less than 
the critical creepage, the effect of angle of attack on wheel squeal is reasonably mild, but when the angle of attack is 
beyond the critical creepage, the effect of angle of attack on SPL of wheel squeal became more evident.  
The reason that the SPL of wheel squeal increases with the angle of attack and rolling speed was explained. It 
was found that the change of vibration velocity amplitude affects the lateral force according to the friction-creepage 
curve, till the power input of the lateral force in the first half cycle is balanced by the second half cycle. In effect, 
larger rolling speed enables a larger vibration velocity for the same creepage oscillation, causing larger radiated 
SPL. Larger angle of attack enables a larger range of creepage oscillations before a stable nonlinear limit cycle is 
reached characterised by both positive (slip) and negative (full sliding) slope regions of the creep curve. 
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